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Abstract: Ozone and methane are chemically active climate-forcing agents affected by 
climate–chemistry interactions in the atmosphere. Key chemical reactions and processes 
affecting ozone and methane are presented. It is shown that climate-chemistry interactions 
have a significant impact on the two compounds. Ozone, which is a secondary compound 
in the atmosphere, produced and broken down mainly in the troposphere and stratosphre 
through chemical reactions involving atomic oxygen (O), NOx compounds (NO, NO2), 
CO, hydrogen radicals (OH, HO2), volatile organic compounds (VOC) and chlorine  
(Cl, ClO) and bromine (Br, BrO). Ozone is broken down through changes in the 
atmospheric distribution of the afore mentioned compounds. Methane is a primary 
compound emitted from different sources (wetlands, rice production, livestock, mining, oil 
and gas production and landfills).Methane is broken down by the hydroxyl radical (OH). 
OH is significantly affected by methane emissions, defined by the feedback factor, 
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currently estimated to be in the range 1.3 to 1.5, and increasing with increasing methane 
emission. Ozone and methane changes are affected by NOx emissions. While ozone in 
general increase with increases in NOx emission, methane is reduced, due to increases in 
OH. Several processes where current and future changes have implications for  
climate-chemistry interactions are identified. It is also shown that climatic changes through 
dynamic processes could have significant impact on the atmospheric chemical distribution 
of ozone and methane, as we can see through the impact of Quasi Biennial Oscillation 
(QBO). Modeling studies indicate that increases in ozone could be more pronounced 
toward the end of this century. Thawing permafrost could lead to important positive 
feedbacks in the climate system. Large amounts of organic material are stored in the upper 
layers of the permafrost in the yedoma deposits in Siberia, where 2 to 5% of the deposits 
could be organic material. During thawing of permafrost, parts of the organic material that 
is deposited could be converted to methane. Furthermore, methane stored in deposits under 
shallow waters in the Arctic have the potential to be released in a future warmer climate 
with enhanced climate impact on methane, ozone and stratospheric water vapor. Studies 
performed by several groups show that the transport sectors have the potential for 
significant impacts on climate-chemistry interactions. There are large uncertainties 
connected to ozone and methane changes from the transport sector, and to methane release 
and climate impact during permafrost thawing.  
Keywords: ozone; methane; atmospheric processes; chemistry; dynamics; Quasi Biennial 
Oscillation (QBO); permafrost 
 
1. Introduction 
The chemically active climate gases ozone (O3) and methane (CH4) respond to variability in the 
current climate and will be affected by future climate change ([1,2]). O3 and CH4 will in addition to 
being influenced by atmospheric chemistry respond on changes in solar radiation, atmospheric 
temperature and dynamics, and are expected to play an important role for processes determining the 
interaction between the biosphere and the atmosphere ([2–4]). CH4 chemistry is also affecting climate 
through its impact on ozone ([5]). Emissions of air pollutants and their precursors, which determine 
regional air quality by perturbing ozone and methane has also the possibility to alter climate. Climate 
changes will affect chemical processes in the atmosphere through transport on local and large scales 
and through removal and formation of pollutants ([6,7]).  
Ozone is a secondary compound formed and partly broken down in the atmosphere, but also 
deposited at the Earth’s surface, where it has a negative impact ([8,9]). High surface ozone levels harm 
humans through the respiratory system, and damage plant growth. Important changes in  
climate-chemistry interactions involving ozone occur via emission changes in ozone precursors and 
surface deposition of ozone due to changes in surface dryness ([1,10]). Furthermore, ozone is affecting 
the stratosphere through impact on dynamical chemical processes ([11–13]), and thereby on 
tropospheric gaseous distribution through modification of solar input ([14]). Enhanced oxidation is due 
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to higher temperatures in synoptic high pressure systems with more sunlight favoring ozone  
production [15]. In addition, enhanced CH4 emission from permafrost thawing in the Arctic and from 
other sources like wetlands and mining will enhance global methane and thereby ozone.  
The chemical distribution, the oxidation potential and climate will be affected by O3 and CH4 
perturbations ([4,16,17]). Perturbation of climate from O3 and CH4 changes will take place in the 
troposphere and in the stratosphere on local and global scales ([6]). Additional effects of ozone include 
reduced CO2 uptake by plants ([9,18]). 
Large methane changes will affect climate. For instance CH4 seems to have been involved in a 
sudden warming that took place at the end of the Younger Dryas cold period with release from 
wetlands as a possible source ([19]). A potential important CH4 source during permafrost thawing is 
the direct release from sub-sea deposits at the Siberian Shelf ([20–22]). Changes in CH4 loss through 
the reaction with OH could also affect methane. 
Emission of NOx from ships is estimated to increase OH in the background atmosphere and lead to 
enhanced loss of methane ([23,24]). Enhanced release of CH4 and CO are of particular importance, 
since the reactions with these two compounds are major loss processes for OH, giving reductions in 
OH, thereby leading to further increases in CH4.  
In this article we will review studies of climate-chemistry interactions affecting current and future 
distributions of atmospheric O3 and CH4. Included in the review are one way studies of how the 
transport sector affects climate. We include studies by other groups and by the participating groups. In 
Section 2—“Atmospheric chemistry affecting ozone and methane in the atmosphere”, some key 
chemical reactions (2.1) for O3 and CH4 in the troposphere and stratosphere are given, along with 
pollutant emission and their impact on ozone, methane and radiative forcing (RF) (2.2) and the impact 
of increased temperatures on tropospheric ozone levels (2.3). In Section 3—“Studies of  
climate-chemistry interactions”; IPCC activities (3.1), biosphere-atmosphere couplings (3.2), impact of 
methane emission from Arctic thawing (3.3), the impact of transport on the late winter ozone values in 
the Arctic in 2011 (3.4), and stratospheric ozone variability due to changes in dynamics (3.5) are 
presented. Section 4—“Conclusions” summarizes the findings. 
2. Processes Affecting Ozone and Methane 
2.1. Important Ozone and Methane Chemistry  
Shortwave solar radiation is essential for ozone production. Nitrogen oxides (NO, NO2) and free 
hydrogen radicals (H, OH, HO2) are involved in the ozone formation processes in sunlit regions 
(Equations (1)–(5)): 
NO + HO2 → NO2 + OH (1)
OH + CO → H + CO2 (2)
H + O2 + M → HO2 + M (3)
NO2 + hν → NO + O (4)
O + O2 + M → O3 + M (5)
Atmosphere 2014, 5 521 
 
 
Here, hν represents the energy of a solar photon and M is a third body (usually O2 or N2). 
A main ozone loss reaction in the troposphere, in addition to surface deposition, is the reaction with 
the hydrogen peroxy radical (Equation (6)):  
O3 + HO2 → 2O2 + OH (6)
This reaction also represents a key process for OH production in the background atmosphere.  
In the middle and upper stratosphere, ozone is produced through solar dissociation of O2 (Equation (7)) 
followed by recombination of atomic oxygen with an O2 molecule (Equation (8)): 
O2 + hν → O + O (7)
O + O2 + M → O3 + M (8)
In the stratosphere, ozone is lost mainly through reactions involving NOx and halogen-containing 
compounds (chlorine and bromine). Key reactions are of the type (Equations (9)–(11)): 
O3 + hν → O + O2 (9)
O + OX → O2 + X (10)
X + O3 → XO + O2 (11)
X could either be an OH, NO, Cl or Br radical.  
Tropospheric O3 can be lost through photolysis (Equation (9)) in the presence of water vapor 
(Equation (12)):  
O(1D) + H2O → OH + OH (12) 
where O(1D) is an excited state atomic oxygen atom. Besides the loss to hydrogen peroxy radical in 
Equation (6), another important O3 loss in the troposphere is the reaction with hydroxyl (Equation (13)):  
O3 + OH → O2 + HO2 (13)
Equations (1), (9) and (12), with NO, O3 and H2O, respectively, represent key primary source of OH in 
the troposphere and lower stratosphere, while Equation (13) represents a loss reaction in the free 
troposphere. The main loss reaction for OH in the free troposphere is Equation (2) with CO. 
Another important loss reaction for OH in the atmosphere is the reaction with methane (Equation (14)): 
CH4 + OH → CH3 + H2O (14)
CH4 is a primary compound, emitted by different natural and anthropogenic sources (wetlands, rice 
production, livestock, mining, oil and gas production and landfills). The reaction with OH is the key 
loss reaction for atmospheric methane. 
Through the reaction OH methane has a lifetime of the order of 8 years in the lower atmosphere 
(troposphere and stratosphere). CH3 is oxidized rapidly in the atmosphere to yield O3 (in the presence 
of NOx) and CO ([2,25]). Since CO is formed in the oxidation chain it will give further loss of OH. A 
minor fraction of methane will be removed through surface deposition (5% or less). Since the reaction 
with OH represents a main loss for CH4 as well as an additional sink for OH, it affects the CH4 
lifetime. This process defines a feedback factor, which under current conditions is in the range 1.3 to 
1.5 ([26–28]). The feedback factor could increase in the future if methane emissions increase. It has 
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been shown that the increase in O3 is non-linear with relatively higher impact on ozone for high CH4 
emissions ([20]). 
2.2. Pollutant Emissions and Their Impact on Ozone, Methane and Radiative Forcing (RF) 
There could be significant changes in the production of NOx from lightning as a result of changes in 
climate. Mickley et al. [29] considered earlier observations of ozone in connection with estimates of 
NOx emissions from lightning and impact on ozone and RF, and they concluded that the uncertainties 
in ozone production from lightning NOx emissions was larger than previously estimated.  
Fiore et al. [6] looked at the impact of changes in lightning activity on the NOx distribution and 
furthermore on the ozone distribution. They found that emissions of air pollutants affect climate and 
that climate has an impact on chemical processes and on dynamical processes transporting pollutants 
from one region to a neighboring region. It was found that reducing the precursor CH4 would slow 
near-term warming by decreasing both CH4 and tropospheric O3. There was significant uncertainty 
with the net climate forcing from anthropogenic nitrogen oxides (NOx) emissions, which increased 
tropospheric O3 (warming) but also decreased CH4 (cooling). Anthropogenic emissions of carbon 
monoxide (CO) and non-methane volatile organic compounds (NMVOC) were found to increase both 
O3 and CH4 because these compounds are ozone precursors, and increased methane since OH is 
reduced. A better understanding of how air pollution control influences climate is needed [30]. 
Comparisons with earlier studies were made. They also reviewed studies of the implications of 
projected changes in methane and ozone precursors for climate change and hemispheric-to-continental 
scale air quality.  
Brasseur et al. [31] studied the impact of climate change on the future chemical composition of the 
atmosphere over the period 2000 to 2100 with the MOZART-2 model using meteorological fields 
provided by the ECAM5/Max Planck Ocean Institute Model. The study suggests that the impact on 
ozone of climate change is negative in large part of the troposphere as a result of enhanced destruction 
due to high levels of water vapor. The magnitude of the impact from climate change is smaller than the 
positive impact from emission changes. They also found that NOx levels from lightning production are 
increasing substantially. 
Ozone levels are enhanced substantially when methane increases. Figure 1 shows the estimated 
ozone levels in the troposphere and UTLS (upper troposphere/lower stratosphere) region from 
Brasseur et al. [31] when the contribution from methane is included and not included.  
Studies of the impact of precursor emissions on O3 and OH in different regions, and from  
different transport sub-sectors have been performed for compounds like NOx, CO, CH4 and  
NMHC, ([2,7,24,32–39]). In particular the effects from the transport sub-sectors aircraft and ship have 
been studied extensively ([2,6,7,24,32,34]). 
Large scale ship emissions (remote areas) and aircraft (altitude range 8 km to 12 km) emissions 
occur in regions with moderate emission from other sources, while land based (road) emissions occur 
in areas where emission from other sources often are large. Estimates of the transport subsectors 
impact on O3, CH4 and on RF from the transport sectors show large differences in individual studies. 
To illustrate the differences in impact from the transport subsectors we present the results from the 
study of [7]. They report results from 14 global chemistry transport models (CTMs). Regional 
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distribution of the ensemble-mean surface ozone change is reproduced well. By using the 
Representative Concentration Pathway (RCP) emission scenarios it is shown how regional surface 
ozone is likely to respond to emission changes by 2050 and how changes in precursor emissions and 
atmospheric methane contribute to this. In the SRES A1B, A2 and B2 scenarios surface O3 increases in 
2050 there is little pollution control, whereas the RCP scenarios project stricter controls on precursor 
emissions. The study gave lower surface O3 than at present. A large fraction of the difference between 
scenarios can be attributed to differences in methane abundance. The study showed the importance of 
limiting atmospheric methane growth, but also showed the uncertainty of modeled ozone responses to 
methane changes. 
Figure 1. Percent change in the July zonally averaged ozone concentration between years 
2000 and 2100, when the adopted change in the methane level (top) is included in the 
calculations and (bottom) is ignored. (Figure 1 is from Brasseur et al. [31])  
 
Global-scale NOx emission from aviation enhances ozone and reduces methane in the UTLS region. 
Skowron et al. [34] estimated that warming from ozone exceeded cooling from methane. This is in 
agreement with other studies of aircraft impact on RF from NOx initiated impact on ozone and 
methane ([24,33]). Methane reduction results in a small long-term reduction in tropospheric ozone 
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(cooling) and a long-term reduction in water vapor in the stratosphere (cooling) from reduced 
oxidation of methane. Both have negative radiative forcing impacts.  
Future impact of traffic emissions on atmospheric ozone and OH has been investigated separately 
for the three sectors: aircraft, maritime shipping and road traffic [32]. Results were presented from an 
ensemble of six different CTMs. The models simulated the atmospheric chemical composition in a 
possible high emission scenario (A1B), and with emissions from each of the transport sectors reduced 
by 5% to estimate sensitivities. The results were compared with more optimistic future emission 
scenarios (B1 and B1 ACARE). Current emissions are closer to the A1B than to the B1 scenario.  
As a response to expected increase in emissions, air and ship traffic will increase their impacts on 
atmospheric O3 and OH in the future, while the impact of road traffic is assumed to be reduced as a 
result of technological improvements. Summer maximum aircraft-induced O3 occurs in the UTLS 
region at high latitudes, and could in 2050 be as high as 9 ppb for the zonal mean. Emissions from ship 
traffic have their largest O3 impact in the maritime boundary layer with a maximum of 6 ppb over the 
North Atlantic Ocean during the summer months in 2050. The O3 perturbations of road traffic emissions 
are less pronounced than the perturbations from aircraft and ship. Maximum future impact of road is in 
the lower troposphere and peaks at 3 ppb over the Arabian Peninsula. However, for 2003, the emission 
assumed was much lower than the emission in 2000. A negative development in RF from road traffic 
prior to 2050 is temporary and induced by the strong decline in road emissions assumed. An emission 
scenario for road emissions (A1ACARE) assumes failures in the adopted B1 and A1B scenarios. 
Calculations of NOx RF from ship have a negative overall impact from ozone and methane 
combined, while RF from aircraft and road NOx emissions are slightly positive. The RF from ship is 
estimated to become more negative in 2050 than in 2000. 
Although the results vary between different model studies, the impact on RF is still positive if we 
consider all NOx effects from aircraft emissions. The Skowron et al. [34] paper, where six different 
aircraft NOx emission inventories were applied, gave rise to positive and negative RF impacts from air 
traffic. However, the variability of net radiative forcing impacts was significant between the 
inventories. From these calculations on aviation NOx, a wide range of Global Warming Potentials 
(GWP) for a 100-year time horizon was estimated. The estimates of vertical displacement of emission 
at chemically sensitive cruise altitudes strongly affects the assessment of the total radiative impact. In a 
study [40], it was also found that aviation NOx has an overall warming impact. Their study gave a 
GWP that was estimated to be 52 ± 52.  
2.3. Impact of Increased Temperatures on Tropospheric Ozone Levels  
The increase in ozone production with increasing atmospheric temperatures was demonstrated for 
Western Europe for the summer months of 2003 in the paper by Solberg et al. [10] and for the Eastern 
Mediterranean region for the summer months of 2007 by Hodnebrog et al. [41]. The study by 
Solberg et al. [10] showed that an increase of atmospheric temperatures of 10 degrees, enhanced ozone 
levels by 4 ppb. They also argued that high temperatures triggered fires and isoprene emissions that 
will lead to more ozone production. Another positive link demonstrated in the papers was the strong 
relation of ozone levels to reduced uptake from enhanced surface dryness. Ozone levels above the 
ground were enhanced by 17 ppb when surface deposition was omitted. 
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Figure 2 shows that, during periods with high temperatures during the summer of 2007, ozone 
levels were higher than during the reference period 2000 to 2010. This is an indication that in a future 
warmer climate with more frequent heat waves, ozone levels are likely to be enhanced. 
Figure 2. Observed maximum diurnal temperatures (red left) and ozone levels (red right) 
during the summer months (1 June to 30 August) of 2007, compared to average diurnal 
maximum for the period 2000 to 2010. 
  
In order to show the impact of enhanced atmospheric temperatures on ozone levels we compare the 
observed diurnal maximum for each of the three summer months of 2007 with the reference period 
2000–2010. We have also included in Table 1 the ozone values for the period 1961–1990. Two factors 
are important for increased ozone levels in recent years compared to earlier years. Enhanced emission 
of ozone precursors is a major factor for the increase in ozone levels as demonstrated in Table 1. We 
also suggest that increased frequency of heath waves due to climate change in the future will enhance 
pollution levels, including ozone, over regions with high emissions, as is shown for Western Europe in 
2003 [10], and for the Eastern Mediterranean region in 2007 [41]. 
Table 1. Observed maximum monthly average of surface ozone (ppb) over Athens during 
June, July and August 2007, compared with observed monthly during the periods  
2000–2010 and 1961–1990. 
Maximum Monthly Average (Observations) June July August 3 Months Average 
2007 73 70 68 70 
2000–2010 65 68 61 65 
1961–1990 35 47 40 41 
3. Climate-Chemistry Interactions 
3.1. IPCC Relevance 
O3, its precursors and methane are affected by climate change through climate-chemistry 
interactions in the troposphere and in the stratosphere. Since ozone and methane are chemically active 
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and important climate gases emission of ozone precursors and methane emission affect their 
contributions to climate change and their chemical behavior. 
Modeling and observational analyses suggest a warmer climate degrades air quality (increasing 
surface ozone and particulate matter) in many populated regions. Such situations could be rather severe 
during pollution episodes. Although prior Intergovernmental Panel on Climate Change (IPCC) 
emission scenarios (SRES) had no restrictions on air pollutants, current Representative Concentration 
Pathway (RCP) scenarios assume uniformly an extensive reduction in emissions of air pollutants. 
More recent estimates from the current generation of chemistry-climate models project improved air 
quality over the next century relative to those using the IPCC SRES scenarios. It is assumed that the 
two sets of projections likely bracket possible future emission scenarios. One finding is that 
uncertainties in emission-driven changes in air quality are generally greater than uncertainties in 
climate-driven changes.  
Confidence in air quality projections is limited by the reliability of anthropogenic emission 
trajectories and the uncertainties in regional climate responses and feedback with the terrestrial 
biosphere, and oxidation pathways affecting ozone. 
3.2. Biosphere-Atmosphere Coupling 
Changes in land cover may have significant consequences for atmospheric composition and air 
quality. Biogenic volatile organic compounds (VOCs; e.g., isoprene and monoterpenes) and nitric 
oxide (NO) emitted from certain vegetation species are important precursors for tropospheric ozone [3]. 
Although there have been several studies dealing with land use changes ([42–45]) possible effects on 
atmospheric chemistry and air pollution are still connected with significant uncertainties [46].  
Wu et al. [46] studied the potential effects associated with future changes in vegetation driven by 
atmospheric CO2 concentrations, climate, and anthropogenic land use over the 21st century. They 
performed a series of model experiments, which combined a general circulation model with a dynamic 
global vegetation model and an atmospheric chemical-transport model. Their studies indicate that 
climate-and CO2-induced changes in vegetation composition and density between 2000 and 2100 
could lead to decreases in summer afternoon surface ozone of up to 10 ppb over large areas of the 
northern mid-latitudes. This is largely driven by the substantial increases in ozone dry deposition 
associated with increases in vegetation density in a warmer climate with higher atmospheric CO2 
abundance. Climate-driven vegetation changes over the period 2000–2100 lead to general increases in 
isoprene emissions, globally by 15% in 2050 and 36% in 2100. These increases in isoprene emissions 
result in decreases in surface ozone concentrations where the NOx levels are low, such as in remote 
tropical rainforests. Over polluted regions, such as the north-eastern United States, ozone 
concentrations are calculated to increase with higher isoprene emissions in the future. For a future 
scenario with anthropogenic land use changes, Wu et al. [46] find less increase in global isoprene 
emissions due to replacement of higher-emitting forests by lower-emitting cropland. They find large 
regional variations in surface ozone toward 2100.  
In a review article on ecosystems-atmosphere interactions and atmospheric composition change, 
Fowler et al. [3] included studies of ozone and methane. They were also considering a large number of 
gaseous and particle compounds (NO, NO2, HONO, HNO3, NH3, SO2, DMS, biogenic VOC and N2O) 
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that could affect ozone and methane processes and distributions. They found that changes in climate 
and chemical conditions could have a wide range of effects on the interaction of the biosphere with 
tropospheric ozone and hydroxyl radicals. Included in the study were ozone deposition, removal of 
NOx and biogenic emissions of ozone depleting compounds.  
Changes in precursor emissions and long term changes in meteorology could affect tropospheric 
chemistry and the dry deposition process. Characteristics of vegetation cover and land use may be 
altered on different scales as a result of human activities.  
Higher future temperatures and changes in precipitation patterns could elevate CO2 and O3 
concentrations, and may act as significant modifiers of surface uptake of gases. Sitch et al. [9] showed 
that uptake of CO2 in vegetation is significantly less for high levels of ozone, although Kvalevåg and 
Myhre [18] got smaller reduction in the CO2 uptake than in the previous study.  
3.3. Impact of Methane Emissions from Permafrost Thawing in the Arctic  
Figure 3 shows an example of climate-chemistry interactions, which has the potential for non-linear 
effects on the atmospheric concentrations of methane, ozone and stratospheric water vapor, yielding 
further climate warming in a positive feedback loop. Methane is likely to be released from the Arctic 
as a result of strong future thawing of permafrost [47]. The release could be from conversion of 
organic carbon in the yedoma region where the organic content is high, 2% to 5% in the upper 25 m [48], 
or methane could be released from methane hydrates on the Arctic shelf during thawing in a warmer 
future climate ([29,49]). Zimov et al. [48] estimated that the yedoma region in Siberia contains 500 Gt 
of organic carbon and non-yedoma permafrost (excluding peatlands) contains another 400 Gt of 
organic carbon. Schuur et al. [50] estimate the carbon pool in permafrost areas to be 1672 Gt carbon 
(including peatlands). The deposited organic carbon is partly expected to be converted to methane (up 
to 30%) and released to the atmosphere after thawing [48]. There are some disagreements when it 
comes to the atmospheric impacts of methane deposited on the shallow continental shelf in permafrost 
regions, or conversion of organic carbon to methane. Shakhova et al. [49] assumes that methane could 
be rapidly released after a few years during thawing in the Arctic, while others argue that permafrost 
thawing will take much longer time ([19]). 
In Table 2 we estimate the additional amount of methane emissions, from permafrost thawing or 
other sources, that would be required to raise atmospheric methane to 3, 6 or 12 times the current 
concentrations. The required emissions are significantly higher than current methane emissions, which 
are approximately 0.5 Gt/year, but could be supplied by thawing Arctic soils. Such methane 
perturbations would also increase tropospheric ozone and stratospheric water vapor. The numbers for 
the ozone increases are for the gridbox with the highest ozone increase in the UTLS region (given in 
ppb), while water vapor increases are from the lower stratosphere (given in % increase). There are 
significant impacts of enhanced RF from permafrost release of methane. These numbers are based on 
the work by Isaksen et al. [29], and show that for large potential emissions of methane from permafrost 
thawing, we can expect significant climate impact, which represents a strong feedback in the climate 
system. Isaksen et al. [29] also found that large permafrost emissions lead to increases in the methane 
lifetime through a significant impact of methane on its own lifetime, far beyond current feedback of 
1.3 to 1.5.  
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Figure 3. Schematic presentation of climate-chemistry interaction as a result of permafrost 
thawing and methane emissions. 
 
Table 2. Modeled increase in the global release of CH4, the tropospheric increase of ozone 
and stratospheric increase of water vapor, and the total radiative forcing for the selected 
atmospheric methane enhancements. Calculations are done with the Oslo chemistry 
transport model (Oslo CTM2). 
Adopted Relative Increase in Atmospheric CH4(%) 3.0 6.0 12.0 
Increase in global release of CH4 (Gt/year) 1.9 3.0 4.8 
Maximum increase in tropospheric ozone (ppb) 50 70 120 
Increase in stratospheric H2O (%) 30–80 40–120 80–120 
Increase in RF (W·m−2) 2.1 3.4 5.2 
3.4. Impact of Transport on the Low Late-Winter Ozone Values in the Arctic in 2011 
Arctic column ozone reached record low values (~230 DU) during March of 2011 ([11–13]) 
exposing the Arctic ecosystems to enhanced UV-B radiation. In the study by Isaksen et al. [13] ozone 
column north of 60 degrees N for the month of March in 2011 is given as 327 DU, compared with the 
range of average monthly values for the previous 10 years of 377 to 462 DU for the same region and 
the same month. The highest average monthly value for March in the Arctic was found in 2010. None 
of the previous 10 years had a similarly low column ozone during March in the Arctic as 2011. The 
study clearly showed that there are large year to year variations in late winter ozone columns over the 
Arctic. The cause of this anomaly was studied using the atmospheric Oslo CTM2 (chemistry transport 
model) driven by ECMWF meteorology. Simulations of Arctic ozone from 1997 to 2012 were 
performed, comparing parallel model runs with and without Arctic ozone chemistry between 1 January 
and 1 April in 2011. Even though there was considerable chemical loss of ozone in spring 2011 [51], a 
major part of the low ozone values observed over the Arctic in 2011 was dynamically driven [13]. 
Weakened transport of ozone from middle latitudes, at the same time as the polar vortex was strong, 
was the primary cause of the low ozone values. Pommereau et al. [52] have come to the same 
conclusion that reduced transport and a strong vortex were the main reason for the late winter low 
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stratospheric ozone values in the Arctic in 2011. They also discussed the possibility for a relation to 
climate change, but did not find any indication of such connections. 
Earlier studies on the effects of transport and chemistry on the inter-annual variability of ozone in 
the Arctic stratosphere for the period 1990 to 1998 [53] and for the period from 1992 to 2004 [54] 
concluded that both transport and chemistry contributed to ozone variability.  
3.5. Stratospheric Ozone Changes due to Changes in Dynamics 
We have studied how changes in dynamics affect ozone columns in the atmosphere [14]. Monthly 
mean ozone column from the chemical transport model Oslo CTM2 are compared with solar 
backscatter ultraviolet (SBUV) satellite observations (Figure 4). Ozone column values for different 
latitude zones in the Northern and Southern Hemispheres were compared. Ozone column variations 
from Oslo CTM2 are highly correlated with SBUV retrievals at all latitude zones. Equatorial zonal 
winds at 30 hPa were used as index to study the impact of quasi-biennial oscillation (QBO) on ozone. 
The impact of QBO was most pronounced at equatorial latitudes with amplitudes of +4% to −4%. At 
higher northern and southern latitudes, the amplitude is less pronounced and the oscillation phase lags 
that at the equator. We notice the lack of QBO effects at Southern Hemisphere mid-latitudes between 
about 2001 and 2004. We find that dynamics have a significant impact on the stratospheric ozone 
distribution as shown in this study. Seasonal variations in surface ozone and tropospheric ozone 
column calculated by the model are also presented in the study. 
Figure 4. Column ozone variations, modeled (Oslo CTM2) and observed (SBUV) for  
different latitude zones between 1997 and 2012 (updated from [14]). 
 
Tropospheric OH is clearly modified by stratospheric ozone columns and by QBO as shown in 
Figure 5, where modeled and observed ozone columns, observed UV-B radiation and modeled surface 
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OH distribution for three Japanese stations are given for the period 1998 to 2012 [15] along with the 
equatorial zonal winds between 30 and 50 hPa. Column ozone variations, basically in the stratosphere, 
modify the shortwave solar radiation (UV-B radiation) penetrating to the troposphere. High ozone 
columns give reduced OH production in the troposphere, affecting methane lifetime and ozone 
production. We have also looked at high latitude stations in Canada. The relation between column 
ozone and tropospheric OH is not as clear at the stations in Canada. 
Figure 5. Column ozone variation (modeled and observed), tropospheric OH variation 
(modeled with Oslo CTM2) and observed tropospheric UV-B radiation for three Japanese 
stations, and observed zonal winds at 30 and 50 hPa at the Equator (updated from [15])  
 
4. Conclusions 
We have demonstrated that there are possibilities for significant climate-chemistry interactions 
involving ozone and methane as key compounds. The interactions include the effect of temperature 
increases on chemical reactions, surface emissions of chemical compounds and dynamic changes 
affecting the ozone distribution in the stratosphere.  
We have shown that during a period with enhanced summer temperatures over Athens in 2007 
ozone levels were signficantly higher than the average for the same months during the period 2000 to 
2010. The studies by Solberg et al. [10] and Hodnebrog et al. [41] demonstrated the link between 
increased atmospheric temperatures and enhanced ozone levels.  
A future potential important area of climate-chemistry interactions is the release of methane from 
deposits under shallow ocean waters in the Arctic [49] or decomposition of organic deposits during 
Arctic thawing. Release of methane from the Arctic region could have impacts through enhancements 
of the atmospheric levels of methane itself, tropospheric ozone, stratospheric water vapor, and on 
radiative forcing, yielding a positive feedback in the climate system. 
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We have further demonstrated that we are able to represent well the observed column ozone change 
at different latitudinal bands, and that tropospheric OH variations are partly affected by ozone column 
variations [55]. The year-to-year variation in modeled ozone column distribution is large, basically 
showing the impact of transport, with some contribution from chemistry. 
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